• Intravenous magnesium did not shorten length of stay for pain crisis in children with sickle cell anemia.
Introduction
There are approximately 100 000 people in the United States with sickle cell disease, of whom 40% are children. 1, 2 These children experience approximately 18 000 hospitalizations and 75 000 hospitalization days annually for sickle cell pain crises. 3 Much of the morbidity of the disease is a result of recurrent pain crises, which often result in emergency department (ED) visits and hospitalizations and adversely affect quality of life. [4] [5] [6] [7] Despite advances in the management of other comorbidities of sickle cell disease, little has changed in the management of pain crises. Intravenous (IV) opioids and the judicious use of IV fluids remain standard supportive therapy. Several multicenter trials in the setting of acute sickle cell painful crises have been closed because of inadequate enrollment, making advancements in the field difficult. [8] [9] [10] Vasoconstriction and inflammation contribute to the initiation and prolongation of pain crises in sickle cell disease. [11] [12] [13] [14] [15] Magnesium, a known vasodilator with anti-inflammatory effects, has the potential to alter the pathophysiology of pain crises. [16] [17] [18] [19] [20] In addition to work exploring the use of magnesium administered orally to prevent pain crises, 21 ,22 2 previous single-institution studies examining the effects of IV magnesium on acute pain crisis yielded conflicting results: one showed a shortened length of stay (LOS) from a median of 5 days to a median of 3 days compared with previous hospitalizations by the same individuals. Conversely, a randomized trial conducted in Canada with 104 children and an average LOS of more than 5 days found no decrease in length of hospitalization. 23, 24 These discrepant results lay the groundwork for a large randomized trial to definitely answer the question of magnesium's efficacy. We undertook the MAGiC (Magnesium for Children in Crisis) study to determine the effect of the addition of IV magnesium to standard therapy for children hospitalized with pain crises. We developed a unique collaboration between pediatric emergency medicine physicians and pediatric hematologists to overcome enrollment barriers. We hypothesized that the addition of IV magnesium to standard therapy would shorten hospital LOS, decrease opioid use, and improve health-related quality of life (HRQL) for pediatric patients hospitalized with pain crises.
Materials and methods

Study design
The study design has been described previously. 25 The MAGiC study was a multicenter, randomized, parallel, double-blind, placebo-controlled trial of IV magnesium vs normal saline in addition to standard therapy for the treatment of pediatric sickle cell pain crisis. Participating centers included 8 sites (see "Acknowledgments") within the Pediatric Emergency Care Applied Research Network (PECARN). Collaborations between pediatric emergency medicine physicians and pediatric hematologists facilitated enrollment. Study funding was provided by the Eunice Kennedy Shriver National Institute of Child Health and Human Development; the National Heart, Lung, and Blood Institute; and the Maternal and Child Health Bureau. Institutional review board approval was obtained at all participating sites, and an investigational new drug application (IND #78 057) was approved by the US Food and Drug Administration. A Data and Safety Monitoring Board monitored study progress and outcomes.
Participants
Children/young adults (hereafter termed "children") aged 4 to 21 years with sickle cell anemia (including homozygous hemoglobin [Hgb]SS and HgbSb 0 ) were eligible if they required inpatient hospitalization after failing ED management for pain. Inclusion and exclusion criteria are described in full detail elsewhere. 25 The genotype was reported by the parent and confirmed by either review of original electrophoresis or past hematology note. Race/ethnicity data and hydroxyurea status were obtained by parent/self-report, chosen from a standard National Institutes of Health listing of racial/ethnic categories; other demographic characteristics and past history were obtained by medical record review.
Study procedures
Children who failed ED opioids and required inpatient admission for pain were randomized in a 1:1 allocation to IV magnesium or normal saline placebo. IV magnesium was dosed at 40 mg/kg (maximum of 2.4 g) every 8 hours for a total of 6 doses or until discharge, whichever occurred first. Children randomized to placebo received an equivalent volume (1 mL/kg) of normal saline. Randomization was accomplished via a central randomization service, stratified by site, age group (4-11 vs 12-21 years), and hydroxyurea use. Hydroxyurea use was defined as patient/family-reported use within the last 3 months; no proof of compliance was assessed. The first dose of study medication was administered in the ED or after arrival on the inpatient floor and randomized within 12 hours of first ED IV opioid. A follow-up telephone call was made 8 to 10 days after discharge to collect information about HRQL and 7-day rehospitalizations.
Written consent was obtained from all adult patients and from the legal guardians of all children enrolled, in accordance with the Declaration of Helsinki. Assent was obtained from all children older than 7 years; however, if the child was unable to assent because of pain or treatment, a waiver had been obtained and assent was obtained when the child was able to assent.
Study outcomes
The primary outcome was length of stay from the time of first drug infusion until 12 hours after the last IV opioid dose or time of discharge, whichever occurred first. 23, 26, 27 Secondary outcomes included opioid use, HRQL, markers of inflammation, hemolysis and endothelial activation, and adverse events. All opioid doses, whether IV or oral, were recorded and converted to IV morphine equivalents. 25, 28 The PedsQL generic core scales and the PedsQL multidimensional fatigue scales, which are valid and reliable for use in patients with sickle cell disease, were used to assess HRQL with the resultant total HRQL scores. 29, 30 The PedsQL sickle cell disease module, the only valid and reliable disease-specific measure for children with sickle cell disease, was also used. 31 HRQL assessments were measured at all 8 sites by paper report (parent proxy for all patients 18 years old or younger, self-report for patients 8 years old or older, and self-report with aid of the research coordinator for patients aged 5-7 years) before the first study drug infusion, after the sixth dose of medication (or immediately before discharge if fewer than 6 doses were administered), and by telephone 8 to 10 days postdischarge. Biomarkers were measured 1 hour after the fourth dose of medication and analyzed as previously described. 25 Specific adverse events, including hypotension, patient-reported feeling of warmth on infusion, and the development of acute chest syndrome were compared between the treatment groups. Patient blinding was assessed through a single question after the last administered dose, with patients asked whether they received placebo or magnesium or were unsure. Physician blinding was not assessed because of the multitude of providers involved in the care of the child.
Data analysis
We compared LOS using a Van Elteren test, 32 a rank-based test that accounts for stratification, stratified by the same factors used to stratify randomization. Our modified intention-to-treat analysis excluded children who did not receive study drug, as LOS was measured from first study drug infusion and that calculation is not possible if no drug is received. Baseline characteristics are reported for all randomized patients in Table 1 , but LOS and secondary outcomes only include the 98% who received study drug regardless of whether they received all protocol doses. Opioid equivalents and changes in HRQL were also compared using a Van Elteren test. To adjust for the 2 time point comparisons in HRQL, Holm's procedure was used to determine significance. If the smallest P value was determined to be nonsignificant, the procedure stopped, and adjusted P values were not calculated. We also performed an exploratory, longitudinal analysis of HRQL scores over time, using a linear mixed-effects model to account for repeated measurements within subjects over time. Random effects were included, corresponding to each subject. As each of these HRQL outcomes is intended to measure the same general outcome, no adjustment for multiple comparisons was made. Missing HRQL data were handled per the developer's instructions. 33, 34 Subjects who did not complete any HRQL measures during the study were not included in the mixed-effects model. Analyses were performed using SAS Version 9.3 (SAS Institute, Cary, NC).
The sample size requirements reflect the primary endpoint, LOS in hours. A sample size of 91 subjects per group was necessary to detect a 20-hour difference in LOS. To account for up to 5% noncompliance and interim monitoring boundaries, the final sample size was increased to 104 participants per group, or 208 total. For the entire study, 410 (76%) of 540 eligible children were approached, and 214 (52%) of those approached consented to participate (Figure 1 ; supplemental Tables 1-3) . A total of 208 children were randomized; 4 children were excluded before receipt of any study drug, resulting in 204 children eligible for analysis (101 children receiving magnesium; 103 receiving placebo). A total of 22 children did not receive all eligible infusions; the reasons were patient withdrawal (n 5 5), hypotension (n 5 3), physician request for study removal (n 5 8), patient found to be ineligible (n 5 5), and site miscommunication (n 5 1). All children who received at least one dose of study drug are included in the analyses.
Results
Baseline characteristics were similar between the 2 groups with respect to age, sex, genotype, weight, history of acute chest syndrome or asthma, previous hospitalizations within the past 3 years, days of pain before arrival, and treatment before study drug initiation (Table 1) . More than 95% of the children were black or multiracial black, and 4% were Hispanic. Consistent with increasing hydroxyurea use clinically, approximately 60% of children had used hydroxyurea within 3 months. The median time from first ED opioid to first study drug infusion was 7.4 hours, which was similar between the 2 groups. Two children withdrew from further data collection during the study, so subsequent analyses are based on 202 children. Similarly, another post hoc subgroup subanalysis based on number of hospitalizations in the past 3 years revealed no differences in LOS for those with 0 to 3, 4 to 6, and more than 6 hospitalizations (median LOS, 48, 60, and 54 hours, respectively) and no magnesium effect in any subgroup (P 5 .22).
LOS
Secondary outcomes included morphine equivalents, qualityof-life scores, and markers of inflammation, hemolysis, and endothelial activation. Patients who received magnesium received a median of 1.46 mg/kg morphine equivalents compared with 1.28 mg/kg in the placebo group (P 5 .12). The changes in quality-of-life scores between the 2 groups were similar both at 48 hours and 8 to 10 days after discharge for all measures (Table 2) . When examining HRQL data in the linear mixed-effects model, there were no differences found between treatment groups (P . .05; supplemental Table 4 ). Changes in markers of inflammation, hemolysis, and endothelial activation were similar between the magnesium and placebo groups (Table 3) . Safety analysis revealed no differences in the development of acute chest syndrome (magnesium, 16% vs placebo, 14%; P 5 .78) or hypotension (magnesium, 4% vs placebo, 1%; P 5 .39) between the groups; however, warmth on infusion was higher in the magnesium group (26% vs 2%; P , .01). Overall, 93% of follow-up calls were completed at 8 to 10 days, and 7-day rehospitalization rates were similar between the 2 groups (magnesium, 12% vs placebo, 7%; P 5 .11).
Ninety-two percent of children answered the question related to blinding. More children in the magnesium group (47% vs 21% in the placebo group) correctly identified their treatment allocation. However, the majority of children in both groups (magnesium group, 53% vs placebo group, 79%) either guessed incorrectly or stated that they did not know.
Subgroups
Prospectively defined subgroups used for randomization included age group and hydroxyurea use. No significant differential treatment effect was found across subgroups. Hours from first opioid to study drug, Received ketorolac prior to study drug administration, n (%)
18 (18) 23 (22) Hemoglobin, median (IQR), g/100 mL 8.5 (7.7-9.6) 8.5 (7.7-9.2)
White blood cell count, median (IQR), 310 3 /mL 13.5 (9.9-16.4) 14.0 (11.4-17.7)
*One subject in the magnesium group did not have a baseline hemoglobin value; therefore, n 5 100 for that result.
†One subject in the placebo group did not have a hemoglobin or white blood cell value; therefore, n 5 102 for that result.
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Discussion
The results of the MAGiC study indicate that the addition of IV magnesium to usual inpatient therapy for pediatric sickle cell pain crises does not shorten LOS, reduce opioid use, or improve HRQL. According to our pilot study, we hypothesized that magnesium would improve pediatric pain crisis. In addition, oral magnesium had been used previously to prevent pain crisis with some preliminary success, but the medication was not well tolerated. 35 Despite these earlier studies suggesting possible benefit, our study shows that intravenous magnesium is not successful in treating sickle cell pain crisis.
This randomized controlled trial successfully enrolled more than 200 patients with sickle cell crisis at 8 sites within 3 years. Prior studies evaluating the management of acute sickle cell pain crises have closed prematurely because of an inability to enroll adequate numbers of subjects. [8] [9] [10] These trials, despite having more sites than the MAGiC study, all enrolled fewer than 40 patients into their primary trials. They reported difficulty with patient/parent consent and were unable to approach potential subjects for recruitment outside of normal clinic hours, so parents were frequently no longer available, and the time from arrival to study initiation was significantly increased. We overcame this difficulty through collaboration between pediatric emergency medicine physicians and pediatric hematologists. The PECARN, a highly successful research network of 18 pediatric EDs across the United States, provided the essential infrastructure in which to conduct the study. Although the majority of the study drug-related procedures occurred on the inpatient unit, real-time screening, consent, †Exclusion criterion removed as a part of protocol version 1.03, dated July 5, 2011. ‡Exclusions with fewer than 10 occurrences included: intolerance to IV morphine and hydromorphone, known kidney/liver failure, pulmonary hypertension, pregnancy, diagnosis of hemodynamic instability or sepsis, taking oral magnesium, or current/planned use of neuromuscular blockers. §267 unique subjects; more than 1 exclusion possible on a visit; subjects may have had multiple visits. ǁReasons not approached with fewer than 5 occurrences included: physician request, inability to consent because of medical condition, language barrier, admitted to unit with untrained staff, unable to complete follow-up, research pharmacy closed, or patient refused to allow research team to speak with parents. {Reasons for not receiving all allocated doses included study withdrawal, hypotension, no 25-hour safety laboratory (blinded magnesium level), physician request, found to be ineligible, and site miscommunication.
randomization, and study initiation in the ED were responsible for the effective enrollment. Interventions to decrease LOS must be started early in the course of a hospitalization to have any significant effect.
Using the collaboration in this study, we successfully started study drug in less than 12 hours for 75% of children, even though consent and enrollment could not be performed until a decision was made to admit. Decreasing LOS with an effective disease-modifying drug is difficult to demonstrate if treatment is delayed for 24 hours, as one-fourth of children met the study endpoint by 25 hours and half met endpoint criteria by 51 hours after first study drug infusion. The total LOS in the study are similar to those from our institution before the trial.
We hypothesized that IV magnesium would be a safe and effective treatment of sickle cell pain crisis. IV magnesium sulfate has been shown to be safe and effective for other pediatric conditions, including for the ED treatment of asthma. 36, 37 Magnesium can cause vasodilation through both endothelial-dependent and endothelialindependent mechanisms, and vascular function is impaired in sickle cell disease. 11, 12, 38 Magnesium can also alter inflammation; magnesium deficiency is associated with increased levels of the inflammatory cytokines interleukin 6 and tumor necrosis factor a and increased expression of endothelial vascular cell adhesion molecule 1. 19, 39, 40 Because previously published data were conflicting, 23, 24 and magnesium could potentially alter vascular function and inflammation, a large multicenter study was needed to definitively answer the question of whether IV magnesium was effective, which we were able to do in this study. We were not able to show a differential effect on markers of inflammation, hemolysis, or endothelial activation in our study. This study also only evaluated IV magnesium, and thus is not generalizable to oral magnesium and does not address the potential benefits of oral magnesium, which have been studied in the prevention of painful crises, not the treatment of acute painful crises.
We chose to define LOS using a composite outcome: 12 hours after the last IV opioid dose or time of actual discharge, whichever occurred first. We chose this endpoint to most closely match what is normally the main discharge criteria for pain crises: the ability of the patient to control pain with orally administered opioids. This criterion has been used previously to ensure that hospitalizations prolonged for reasons not related to pain medication use, in particular transportation difficulties and social situations, did not count toward total LOS for sickle cell painful crises. 27 However, when we simply compared time until discharge, there was no difference between groups. In addition, we measured the amount of opioid used to control pain during the hospitalization. Opioid medication use is a proxy for overall pain level, as the need for more pain medication is correlated with increased pain ratings by patients. 41 A limitation of our study was measurement of opioid use, rather than pain scores. Although the clinical utility of pain scores is clear, the variability in pain scores throughout the day and the criticism that the timing of opioid treatments could significantly affect timed pain scores resulted in our decision to focus our secondary outcome on pain medication use.
Our study was also limited by the fact that more children in the magnesium group correctly identified their randomization group. However, the most of the children in each group were either incorrect or not sure when asked about their treatment group, and it seems unlikely that child knowledge of treatment group would have decreased the likelihood of magnesium being efficacious.
In conclusion, intravenous magnesium does not shorten LOS, lessen opioid use, or improve HRQL in children who require hospitalization for sickle cell pain crisis. Close collaboration between pediatric emergency medicine physicians and pediatric hematologists allows for the successful, efficient enrollment of large numbers of children in an acute intervention trial for children with sickle cell anemia. Detailed sample size numbers are shown in the supplemental tables. In general, sample sizes for child report were 140 to 153 predischarge and 132 to 139 at 1 week. Parent report sample sizes were 130 to 136 both predischarge and at 1 week. Higher HRQL scores represent increased quality of life.
*Mean change from HRQL score in magnesium group minus mean change from HRQL score in placebo group (eg, mean change in total HRQL for the magnesium group was 1.5 points higher between the ED and predischarge, but 2.3 points lower at 1-week follow-up).
†Unadjusted P value. Using Holm's method, a value less than .025 at any time would be considered significant. If significance at that level had been observed at any point, the next-lowest P value would be considered significant if below .05. BLOOD, 1 OCTOBER 2015 x VOLUME 126, NUMBER 14 RCT OF IV MG FOR PEDIATRIC SICKLE CELL DISEASE 1655
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